Stroke causes neuronal necrosis and generates inflammation. Pro-inflammatory molecules intervene in this process by triggering glial cell activation and leucocyte infiltration to the injured tissue. Cytokines are major mediators of the inflammatory response. Pro-inflammatory and anti-inflammatory cytokines are released in the ischaemic brain. Anti-inflammatory cytokines, such as interleukin-10, promote cell survival, whereas pro-inflammatory cytokines, such as TNFα (tumour necrosis factor α), can induce cell death. However, deleterious effects of certain cytokines can turn to beneficial actions, depending on particular features such as the concentration, time point and the very intricate network of intracellular signals that become activated and interact. A key player in the intracellular response to cytokines is the JAK (Janus kinase)/STAT (signal transducer and activator of transcription) pathway that induces alterations in the pattern of gene transcription. These changes are associated either with cell death or survival depending, among other things, on the specific proteins involved. STAT1 activation is related to cell death, whereas STAT3 activation is often associated with survival. Yet, it is clear that STAT activation must be tightly controlled, and for this reason the function of JAK/STAT modulators, such as SOCS (suppressors of cytokine signalling) and PIAS (protein inhibitor of activated STAT), and phosphatases is most relevant. Besides local effects in the ischaemic brain, cytokines are released to the circulation and affect the immune system. Unbalanced pro-inflammatory and anti-inflammatory plasma cytokine concentrations favouring an 'anti-inflammatory' state can decrease the immune response. Robust evidence now supports that stroke can induce an immunodepression syndrome, increasing the risk of infection. The contribution of individual cytokines and their intracellular signalling pathways to this response needs to be further investigated.
Introduction
Severe ischaemia causes necrosis accompanied by a strong inflammatory reaction that is believed to contribute to brain injury. Inflammation has therefore been considered a target for therapeutic intervention. Yet, ischaemia is not an intrinsic inflammatory disease, in spite of the fact that inflammatory factors in the endothelium might contribute to the aetiology of atherosclerosis, a risk factor for stroke. Inflammation in stroke is more complex as the brain exerts a master control on the local and remote responses to brain injury. Subsequently, both local and systemic pro-inflammatory and anti-inflammatory signals are activated, some derived from brain and some probably built up peripherally in response to brain damage. Key players in this response are cytokines. The main intracellular signalling pathways activated by cytokines include the NF-κB (nuclear factor κB) and the JAK (Janus kinase)/ STAT (signal transducer and activator of transcription) pathways. Both pathways share the ability to act as 'latent' tran-scription factors, as they are already present in the cytoplasm in an inactive form and can rapidly respond to extracellular signals and become activated, entering the nucleus and inducing gene transcription. Here, we will focus on the JAK/ STAT pathway.
Pro-inflammatory and anti-inflammatory cytokines
Cytokines are soluble polypeptides that exert control on the function of different cell types, including regulation of growth and differentiation [1] . Cytokines are released to the cell environment and to the bloodstream to induce local and remote responses. They mainly act on membrane receptors that activate intracellular signalling pathways, which induce changes in the pattern of gene transcription as a cellular response to the altered milieu. The expression of cytokines is low under physiological conditions, but it can be highly upregulated under pathological conditions, particularly those involving inflammation. Important features of cytokines are pleiotropy and redundancy [1] , resulting in activation of similar pathways by different molecules and activation of multiple pathways by a single molecule.
Cytokines increase in the plasma of acute stroke patients, and the levels of certain cytokines may have prognostic value.
Indeed, increased IL-6 (interleukin-6) plasma concentrations were associated with early neurological worsening [2, 3] , and high IL-6 predicted early neurological deterioration and poor functional outcome in lacunar infarction [4] . In contrast, other findings showed a significant inverse correlation between plasma IL-6, neurological impairment and infarct growth, suggesting that plasma IL-6 might also signal neuroprotective effects in patients with ischaemic brain injury [5] . Experimental evidence also supports that certain proinflammatory cytokines might have beneficial properties in the ischaemic brain. IL-6 was protective in a model of permanent focal ischaemia in the rat [6] , and blockade of IL-6 signalling aggravated ischaemic damage in mice [7] . High TNFα (tumour necrosis factor α) plasma levels were strongly related to poor outcome in stroke patients [4, 5] , and TNFα blockade reduced brain infarct volume and cerebral oedema after transient focal ischaemia in rats [8] , and prevented damage and inflammation in mice [9] . However, in organotypic hippocampal cultures exposed to ischaemic conditions, pre-treatment with TNFα was protective against neuronal death, while treatment after ischaemia was detrimental and it increased oxidative stress [10] . Furthermore, an appropriately timed increase in TNFα induced ischaemic preconditioning in experimental studies [11, 12] , and it was associated with ischaemic tolerance in stroke patients [13] . Thus TNFα has a wide range of effects on brain ischaemia [11] . Therefore the role of individual cytokines is more complex than previously anticipated; their concentration and time of activation, and the cross-talk between different signals are essential for the cellular and pathological outcome.
Anti-inflammatory cytokines, such as IL-10, are associated with beneficial effects in the injured brain. Indeed, IL-10 knockout mice showed larger infarctions than wild-type mice after permanent focal ischaemia [14] , while administration of IL-10 to the lateral ventricle [15] or treatment with adenoviral vectors encoding human IL-10 [16] reduced infarct volume and inflammation after permanent focal ischaemia in rats. In the clinic, poor outcome and neurological worsening were predicted by low IL-10 plasma levels [17] . Yet, IL-10 has been associated with a higher susceptibility to infection, suggesting that it may contribute to attenuate the capacity of mononuclear phagocytes to initiate inflammatory and adaptive immune responses [18] . Therefore excessive anti-inflammatory signals, such as IL-10, might have an effect on the immune system by displacing the Th1 (T helper type 1)/Th2 balance towards a Th2 predominant response [19] , which can increase the susceptibility to infection. Also, IL-10 is produced by Th2 cells, and it inhibits Th1-cell function [20] . Reduced immune responses can be promoted by acute ischaemic brain injury, mainly through the hypothalamicpituitary-adrenal axis and the peripheral nervous system [21, 22] . Furthermore, focal cerebral ischaemia promotes the release of cytokines and chemokines by the peripheral immune system in mice [23] . Robust experimental evidence now supports the proposal that brain ischaemia induces an immunodepression syndrome facilitating infection [21] [22] [23] [24] , and the sympathetic nervous system has been identified as a key mediator in this process [21] , although further studies at the bedside are necessary. Infection after stroke is associated with higher mortality [25] , and we addressed whether post-stroke infection could be prevented by prophylactic treatment with antibiotics in the ESPIAS (Early Systemic Prophylaxis of Infection After Stroke) trial, which gave negative results [26] . A currently ongoing trial on preventive antibacterial short-term therapy in patients with acute ischaemic infarction, PANTHERIS (http://www.charite.de/ch/neuro/ forschung/teams/experimentell/pantheris.htm), might help to unravel this intricate question. We also found that strokeassociated infection is a marker of the severity of stroke without an independent outcome effect when it is promptly treated [27] . More recently, we examined the patterns of pro-inflammatory and anti-inflammatory cytokines in the circulation and their relationship with the appearance of infection in patients with acute stroke. IL-10 was increased, and the ratio TNFα/IL-10 was decreased very early after clinical onset in patients at greater risk of infection [27a] , supporting the view that an excessive anti-inflammatory cytokine profile was a major predisposing factor.
JAK/STAT: a main signalling pathway mediating cellular responses to cytokines
JAKs are coupled with the intracellular domain of several cytokine membrane receptors, and can become phosphorylated as a result of cytokine receptor binding. Subsequently, JAKs can phosphorylate members of the STAT family, which then form homo-or hetero-dimers, translocate to the nucleus and bind to specific DNA consensus sequences to promote selective transcriptional activation [28] . JAKs and STATs are normally expressed in brain [29] [30] [31] , and their expression increases after focal ischaemia in the rat, particularly in reactive astrocytes and microglia cells [29, 31] , indicating that JAK/STAT is an important mediator of inflammatory responses in brain ischaemia. A strong increase in the expression of STAT3 [29] and STAT1 [30] occurs in reactive microglia/macrophages and is coincidental with the time point when this reaction becomes very strong (i.e. from 4 days post-ischaemia). However, increases in the expression of cytokines are detected much earlier after brain ischaemia (hours) [32] , suggesting that activation of basal JAK/STAT takes place long before increased expression of these proteins is induced. Activated STAT3 was found in neurons after focal ischaemia [33, 34] , but its function is controversial as different studies associated it with survival [33] , while others related it with cell death [34] . STAT1 was also found phosphorylated in the lesion core and in the periphery [35] , and STAT1 knockout mice were more resistant to ischaemic brain damage [36] . Taken together, these results show activation of STAT proteins after ischaemia and suggest a contribution of the JAK/STAT pathway to the cell fate. However, the primary stimuli responsible for JAK/STAT activation in the ischaemic brain have not yet been identified.
We undertook in vitro studies in primary cultures of glial cells to examine the ability of various stimuli to activate STATs. Anti-inflammatory cytokines such as IL-10 induced STAT3 activation, but not STAT1 activation, while pro-inflammatory signals such as IFN-γ (interferon-γ ) induced STAT1 activation, but not STAT3 activation, and both STAT1 and STAT3 were activated by IL-6 [37] . JAK2 was involved in the reported activation of STATs after IL-6 and IFN-γ but not after IL-10, as evidenced using the JAK2 inhibitor tyrphostin (AG490) [37] . Besides direct activation of JAK/STAT by certain cytokines, several pro-inflammatory stimuli, such as the bacterial lipopolysaccharide protein, also trigger STAT1 activation. Yet, in this case, this is a delayed effect mediated by de novo protein synthesis, as it was prevented by cycloheximide and it was abrogated by NF-κB inhibitors (R. Gorina and A.M. Planas, unpublished work), again indicating a close interaction between the different intracellular signalling pathways.
STATs can also become activated by oxidative stress, which can be generated in the ischaemic brain and contribute to ischaemic brain damage. In astrocytes, treatment with H 2 O 2 increases tyrosine phosphorylated STAT1 and STAT3, and both tyrosine phosphorylations are mediated by JAK2 [37] . As a result of this, STATs translocate to the nucleus and activate the DNA GAS (gamma-activated site), an effect that was abrogated by inhibition of JAK2 (R. Gorina and A.M. Planas, unpublished work). More important, this inhibitor prevented H 2 O 2 -induced cell death in astrocytes and in neuroblastoma cells, showing that JAK2 signalling was involved in this process [37] . The JAK2 inhibitor repressed STAT1 phosphorylation and nuclear translocation, and, in spite of the fact that it also reduced STAT3 phosphorylation, it did not prevent its nuclear translocation, suggesting that its protective effect was attributable to strong inhibition of H 2 O 2 -induced STAT1 activation (R. Gorina and A.M. Planas, unpublished work). Preliminary results in astrocytes obtained from STAT1-deficient mice give further support to the deleterious effect of STAT1 activation on cell viability, as these cells were more resistant than wild-type astrocytes to H 2 O 2 -induced cell death (R. Gorina and A.M. Planas, unpublished work). Altogether, these results comply with the view that JAK2/STAT1 activation promotes cell death [38] , and agree with the results found in vivo in brain ischaemia [36] . In contrast, activation of STAT3 is induced by antiinflammatory signals and may have pro-survival effects [39] . Therefore STAT1 and STAT3 appear to have opposite effects [40] , and the specific balance between them may trigger selective patterns of gene transcription. Besides STAT1 and STAT3, other members of the STAT family are expressed in the brain and play various roles in cytokine signalling, as proved with the use of genetically modified animals [41] , but whether they are involved in ischaemic brain damage remains to be elucidated.
Moreover, the JAK/STAT signalling pathway is involved in regulation of the immune response [42] . Signalling through JAK/STAT participates in the generation of Th1 and Th2 cells. IL-12 activates a pattern of JAKs and STATs that triggers the expression of Th1-specific proteins, such as IFN-γ , while IL-4 activates a distinct pattern of JAK/STATs leading to the synthesis of Th2-type cytokines [43] . These pathways cross-talk, exert self-positive feedback loops, and regulate each other at the transcriptional level [43] . The possible involvement of the JAK/STAT pathway in the altered systemic cytokine response that we observed in stroke patients susceptible to infection needs to be investigated.
Regulation of STAT signalling
The local cytokine environment causes different degrees of STAT activation, and the activities of certain phosphatases and of negative modulators, such as SOCS (suppressors of cytokine signalling) and PIAS (protein inhibitor of activated STAT), exert an important regulatory control on STAT activity [44] . The action of STAT signalling may be very transient, as its activation can induce the expression of SOCS proteins and exert a control on STAT phosphorylation [44] . Persistent activation of STATs may be due to a failure of the system to induce the synthesis of SOCS, which might be prevented under conditions of protein synthesis inhibition, as it occurs in brain ischaemia [45] . Increased expression of SOCS3 mRNA was found after transient MCA (middle cerebral artery) occlusion, and antisense knockdown of SOCS3 expression exacerbated infarct volume, indicating that SOCS3 might have beneficial effects [46] . In agreement with this view, SOCS3 has been reported to inhibit inflammation and apoptosis [47] . However, SOCS-3 overexpression leads to neuroblastoma cell death [39] . These findings indicate that controlled negative modulation of STAT activation is necessary for cell survival, and that STAT activation must be well regulated to avoid negative effects of this signalling, including inflammation. SOCS3 is also involved in the regulation of immune responses through its modulator effect on cytokine signalling, and due to its predominant expression in Th2 cells [48] . SOCS3 transgenic mice showed increased Th2 responses, and dominant-negative mutant SOCS3 transgenic mice, as well as mice with a heterozygous deletion of Socs3, had decreased Th2 development [48] . SOCS3-deficient CD4+ T-cells produced more transforming growth factor-β1 and IL-10, but less IL-4 than control T-cells, and mice lacking Socs3 in T-cells showed reduced immune responses [49] . Also, SOCS3 signalling has been associated with susceptibility to infection [18] .
PIASs act as nuclear transcriptional co-repressors that modulate several transcription factors by functioning as SUMO-1 (small ubiquitin-related modifier-1) ligases and inhibit STAT function [44] . Again, several lines of evidence support an in vivo function for PIAS in the regulation of innate immune responses [50] . Hence, the molecular mechanisms underlying the regulation of STAT activity are very complex and still not fully understood, while there is no doubt about its major role in the regulation of inflammatory and immune responses to cytokines.
Conclusions
Cytokines are involved in the post-ischaemic inflammatory response that takes place locally in the injured tissue, but also systemically in the circulation. Several lines of evidence suggest that cytokines might be cellular mediators, not only in brain inflammation, but also in the immunodepression syndrome that has been associated with stroke. A major pathway signalling cytokine receptor activation is JAK/STAT. This pathway involves different protein members of the JAK/ STAT family that trigger selective patterns of gene transcription governing the cellular response to the cytokine challenge. In the brain, STAT1 activation is associated with detrimental effects in terms of cell viability, while STAT3 is rather regarded as a pro-survival factor. Nonetheless, tight control of its activation is necessary, as evidenced by studies in mice genetically modified for the expression of SOCS. The evidence is also growing on the involvement of JAK/STAT and its negative regulators in mediating immune responses. Further studies are needed to better understand the origin and function of circulating cytokines after stroke, and to elucidate whether anti-inflammatory signals that are believed to be beneficial locally in the ischaemic brain are linked to depression of the immune system and to increased risk of infection in stroke patients.
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